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The objective of this study was to determine the levels 
of heat and humidity that develop within the deadspace of 
N95 filtering facepiece respirators (N95 FFR). Seventeen sub- 
jects wore two models each of N95 FFR and N95 FFR with 
an exhalation valve (N95 FFR/EV) while exercising on a 
treadmill at a low-moderate work rate for I and 2 hr in a 
temperate ambient environment. FFR deadspace temperature 
and relative humidity were monitored by a wireless sensor 
housed within the FFR. Each FFR was weighed pre- and 
post-testing to determine moisture retention. After 1 hr, FFR 
deadspace temperature and humidity were markedly elevated 
above ambient levels, and the FFR deadspace mean apparent 
heat index was 54°C. N95 FFR/EV use resulted in significantly 
lower deadspace temperatures than N95 FFR (p = 0.01), but 
FFR deadspace humidity levels were not significantly different 
(p = 0.32). Compared with the first hour of use, no significant 
increase in FFR deadspace heat and humidity occurred over 
the second hour. FFR mean moisture retention was < 0.3 
grams over 2 hr. N95 FFR/EV offer a significant advantage in 
deadspace heat dissipation over N95 FFR at a low-moderate 
work rate over I hr of continuous use but offered no additional 
benefit in humidity amelioration. Moisture retention in N95 
FFR and N95 FFRY/EV is minimal after 2 hr of use. 

[Supplementary materials are available for this article. Go 
to the publisher’s online edition of Journal of Occupational 
and Environmental Hygiene for the following free supplemen- 
tal resource: a file containing N95 filtering facepiece respi- 
rator deadspace mean RH and temperature recordings for 17 
subjects treadmill exercising at 5.6 Km/H over I hour] 


Keywords  deadspace, exhalation valve, humidity, N95 filtering 
facepiece respirators, temperature 
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INTRODUCTION 


F iltering facepiece respirators (FFR) are the most com- 
monly utilized respirators in U.S. private industry and in 
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the health care environment. The most popular version, the 
N95 FFR model, filters out at least 95% of > .3-um particles 
during testing at a continuous flow rate of 85 L/min, when 
tested in a laboratory.” The barrier property of respiratory 
protective equipment (RPE) inhibits, to variable degree, that 
portion (~10%) of the body heat burden that is normally 
eliminated via the respiratory tract.® Also, the internal milieu 
(deadspace) of the RPE serves as a repository for a portion of 
the moisture and heat that is expelled with each exhalation and 
subsequently re-inspired with succeeding inhalations.” 

In addition, heat convection and sweat evaporation from 
facial skin covered by RPE (approximately 2% of body sur- 
face area) are impeded,” thereby further increasing the RPE 
deadspace temperature and humidity. These actions, along 
with the contribution (~10%) of the head region to heat dis- 
sipation,® conspire to create sensations of increased facial 
heat, which is a frequently voiced complaint by wearers of 
FFR.”-!) This thermal discomfort sometimes leads to prema- 
ture removal of these devices, thereby subjecting the wearer 
to the potential inhalation of harmful airborne particulates or 
infectious agents.) In an attempt to ameliorate FFR thermal 
effects, some FFR are equipped with exhalation valves (EV) 
that, by bypassing the filter media, allow for decreased exha- 
lation resistance and a decrease in FFR deadspace heat and 
humidity. 

Although some studies have evaluated the levels of heat 
and humidity that develop in the deadspace of various types 
of FFR,®-14-15) there are scant data with respect to N95 mod- 
els™® or on the impact of N95 FFR with EV (N95 FFR/EV) 
on these parameters. Such information could be useful to 
stakeholders, such as researchers evaluating the overall con- 
tribution of N95 FFR to body heat, manufacturers who would 
be interested in the development of N95 FFR with enhanced 
heat dissipation properties, and N95 FFR users working in 
warm, humid environments and concerned about any addi- 
tional thermal burden. The current study, part of a broader 
investigation by the National Institute for Occupational Safety 
and Health (NIOSH) evaluating the use of RPE,“ exam- 
ined the levels of temperature and relative humidity (RH) 
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attained in the deadspace of N95 FFR and N95 
FFR/EV. 


MATERIALS AND METHODS 


wenty-one subjects were recruited for the study and 20 

were enrolled. One recruited subject experienced an FFR- 
related anxiety reaction during fit testing and was excluded 
from participation in the study. Data were incomplete for three 
subjects; therefore, data presented are from 17 healthy subjects 
(11 men, 6 women), all of whom were non-smokers, and 10 
with no prior experience wearing N95 FFR. Subject descriptive 
Statistics (standard deviations) included: age 22.6 years (2.8), 
height 175.7 cm (9.7), body weight 79.3 kg (16.7), body mass 
index 25.6 kg/m? (4.2). All subjects were given a screening 
physical examination by a licensed physician, passed a urine 
test for drugs of abuse, and, for women subjects, tested negative 
for pregnancy. The study was approved by the NIOSH Human 
Subjects Review Board, and all subjects provided oral and 
written informed consent. 

Subjects were required to pass a respirator quantitative fit 
test!” for each of two flat-fold N95 FFR models (3M 9210 
and 9211; 3M Corp., St. Paul, Minn.) and each of two cup- 
shaped models (Moldex 2200 and 2300; Moldex, Culver City, 
Calif.) to participate in the study. Two of the models (3M 
9211, Moldex 2300) were N95 FFR/EV. These models were 
selected for the study because their counterpart N95 FFR 
models without EV are similar in all respects save for the 
presence of the EV. Other features of the tested FFR can be 
found in Table I. FFR were not pre-conditioned, and testing 
was carried out in a physiology laboratory during a 3-month 
period of winter in the northern hemisphere. Subjects were 


attired in T-shirts, athletic shorts or sports pants, and athletic 
shoes and walked on a treadmill at a low-moderate work rate 
(5.6 km/h; 0° inclination) continuously for a period of 1 hr with 
a randomly assigned FFR (17 subjects x 4 tests = 68 total 
tests). For each subject, one of the FFR tests was randomly 
assigned as a 2-hr test to assess longer periods of wear (17 
tests). There was a minimum respite of 30 min between any 
successive tests. No subject was allowed to exceed 5 hr (.e., 
27.35 km) of treadmill exercise in any single day of testing. 

FFR deadspace temperature and RH were measured ev- 
ery 20 seconds (user defined response time) by an I-Button 
semiconductor temperature and RH sensor (I-Button, Dallas, 
Texas) that incorporates a real-time clock, memory, and 3V 
lithium battery encased in a small (16 x 6 mm) stainless 
steel can (temperature range —40°C to 85°C). I-Button was 
selected for the study because of its wireless capability that 
obviates the need to instrument the FFR with wires or access 
ports for data collection, and its small dimensions that allow 
for easy fit within the deadspace of the FFR. I-Button has 
previously been shown to be useful in the evaluation of other 
personal protective equipment with deadspace.“'®) Prior to the 
study, pilot I-Button sensor air temperature and RH data were 
compared over | hr with concurrent data from a DewMaster 
chilled mirror hygrometer (EdgeTech, Marlborough, Mass.) 
that was calibrated to standards traceable to the National 
Institute of Standards and Technology, and a strong correlation 
was noted (r = 0.99). For the study, an I-Button was taped to 
the peripheral right perioral region of the inner surface of the 
FFR (Figure 1). All FFR were weighed immediately pre- and 
post-testing on an ACCU-6201 calibrated analytical balance 
(Fisher Scientific, Waltham, Mass.) to determine moisture 
retention. 


TABLE I. Features of the N95 Filtering Facepiece Respirators Used in the Study 


Filtering Facepiece Respirator 


Moldex 2200 Moldex 2300 3M-9210 3M-9211 
Features 
Shape Cup Shaped Flat Fold 
Exhalation valve No No Yes 
Outer layer Hydrophobic Hydrophobic 
Middle layer Hydrophobic No middle layer 
Inner layer Hydrophobic Hydrophobic 


Tethering devices Two rubber bands 


Two elastic straps 


Surface area (cm?) 211.40 217.60 222.11 227.35 
202.204 214.074 

Weight (gm) 14.3 (+0.7) 19.6 (40.4) 9.6 (40.1) 13.9 (+0.1) 

Breathing resistance 

(mm H,0)? 11.6 (+1.0) 12.2 (40.7) 8.6 (0.4) 9.0 (40.4) 

Static dead space (mL) 280 375 360 


ATnner surface area minus exhalation valve area. 
Measured with a TSI 8130 Filter Tester. 


Note: Moldex models are integrated with a mesh plastic support skeleton (nonfiltering) covering the entire outer surface and between the inner and middle layers. 
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FIGURE 1. l-Button temperature and humidity sensor affixed to 
the internal surface of an N95 filtering facepiece respirator. 


Statistical Analysis 

The dependent variables (RH and temperature) were first 
calculated as means and standard deviations in 5-min 
intervals for each individual subject across four experimental 
conditions. For the analysis of 1-hr trials, the variables were 
analyzed by a two-way repeated measures analysis of variance 
(ANOVA) (Time x Type) to determine main effect and inter- 
actions with the Greenhouse-Geisser correction for sphericity 
to designate a level of significance. For a significant F-ratio ob- 
tained from repeated measures, post hoc pair-wise comparison 
was then performed with the least significant difference (LSD) 
adjustment. For comparison of RH and temperature responses 
between 1- and 2-hr trials, independent sample t-tests were 
carried out to compare the variables at the following time 
points: 0 min, 60 min, and 60 vs. 120 min. In this analysis, trial 
conditions were rearranged as respirator without exhalation 
valve (Moldex 2200 + 3M 9210) and with exhalation valve 
(Moldex 2300 + 3M 9211). One subject’s 2-hr data were 





missing due to equipment failure (n = 16 for 2-hr analysis). 
Levene’s test was also performed to confirm the assumption 
on equal variances in the two trial conditions for the t-test. A 
statistical significance was accepted when p < 0.05 and all 
analyses were performed using a statistical software package 
(SPSS version 18; IBM, Somers, N.Y.). 


RESULTS 


ll 17 subjects completed all phases of the study. The 

mean laboratory temperature, RH, and barometric pres- 
sure (corrected for standard temperature and pressure) dur- 
ing the study period averaged, respectively, 21.45°C (0.78), 
23.55% (7.96), and 738.18 mm H20 (5.55). There was no 
significant difference at 1 hr in mean increases in weight of 
FFR (0.15 grams +0.26) and FFR with EV (0.26 grams +0.39) 
(p = 0.26), nor at 2 hr (FFR 0.21 grams +0.33, FFR with EV 
0.28 grams 0.25) (p = 0.83). 


FFR Deadspace Humidity 

There were no significant differences in baseline FFR dead- 
space mean RH readings among trials, but deadspace RH 
increased as a function of time (F = 90.770; p < 0.001) (Table 
II; Figure 2). The type of FFR had no significant effect on RH 
(F = 1.192; p = 0.32), nor did the interaction of FFR type and 
time (F = 1.339, p = 0.09). Deadspace RH values at 120 min 
did not differ significantly from the 60-min values (p>0.05) 
(Table II). 


FFR Deadspace Temperature. 

There were no significant differences in deadspace baseline 
mean temperature readings (online supplementary data Table 
S-1), but the FFR type was significantly associated with tem- 
perature over the course of 1 hr (F = 4.62; p = 0.01) (Figure 
2). Higher mean FFR deadspace temperatures were observed 
for the Moldex 2200 compared with the Moldex 2300 (p = 
0.04), the 3M 9210 compared with the 3M 9211 (p = 0.001), 
and the 3M 9210 compared with the Moldex 2300 (p = 0.02) 


TABLE Il. Comparison of 1-Hr and 2-Hr FFR Deadspace Temperature and RH Readings 


Combined N95 FFR Trials Combined N95 FFR/EV trials 
Moldex 2200 + 3M 9210 Moldex 2300 + 3M 9211 

Measurement Time (min) 1H (n = 23) 2H (n = 11) 1H (n = 29) 2H (n = 5) 
RH (%) 0 63.35 (13.95) 52.70 (13.89) 59.89 (16.39) 66.29 (16.94) 

60 91.41 (8.65) 89.46 (9.02) 87.23 (8.64) 93.01 (7.55) 

120 — 89.60 (10.26) — 93.31 (8.09) 

Temp (°C) 0 31.81 (1.34) 30.63 (1.26)8 30.82 (2.09) 31.90 (1.05) 

60 33.89 (0.73) 33.08 (1.32)8 32.82 (1.09) 32.77 (1.14) 

120 — 33.26 (1.20) — 32.77 (0.74) 


Notes: Values are presented as mean (SD). Statistical results were based on equal variances assumed and Levene’s test for equality of variances for independent 


samples was not significant (p>0.05). 
AAt 2-hr, data from one subject were missing (n = 16). 
’Significantly different from 1-hr trial. 
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FIGURE 2. Relative humidity and temperature values (presented as mean and SD [n = 17]) §: Moldex 2200 is significantly different from 
Moldex 2300; # = Moldex 2300 is significantly different from 3M 9216; + : 3M 9216 is significantly different from 3M 9211. 


(Figure 2). Time also had a significant effect on temperature 
(F = 56.49; p < 0.001) (Figure 2), but the interaction of time 
and FFR type was not significant (F = 0.83; p = 0.49). The 
FFR deadspace temperature values at 120 min were compared 
with those at 60 min, and no significant differences were noted 
(p>0.05) (Table II). 


DISCUSSION 


ur data offer a view into the microenvironment of the 

breathing space (1.e., FFR deadspace) of the N95 FFR 
wearer. Not surprisingly, the FFR deadspace RH and temper- 
ature were markedly higher than ambient levels. Although the 
FFR deadspace mean air temperatures noted in the current 
study did not exceed normal nasolabial and perioral skin tem- 
peratures found in young adults and older adults,” one must 
additionally consider the impact of the elevated deadspace 
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RH levels on the protective facemask deadspace apparent 
heat index.'°?° The apparent heat index is the temperature 
that the body senses and is a composite effect of heat and 
humidity.?!) By way of an example, the FFR deadspace air 
temperature (33.21°C) and RH (89.43%) values, derived as 
the mean of the four 1-hr values for the FFR models tested 
(online supplementary Table S-1), equate to a mean FFR 
deadspace apparent heat index of 54°C.°! At RPE, deadspace 
air conditions and ambient temperatures similar to those in 
the current study, decreases in respiratory heat loss associated 
with significant changes in ratings of body thermal sensations, 
increased perceptions of breathing difficulty, and decreased 
RPE acceptability have been reported.‘!?)!4.22) 

N95 FFR/EV were associated with a significant reduction 
in the deadspace temperature compared with N95 FFR (p 
= 0.01) during the first hour of use. This may be related, 
in part, to some of the (warmer) end tidal air preferentially 
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escaping through the open EV rather than being contained in 
the FFR deadspace. By decreasing the work of breathing, the 
EV may also decrease breathing exertion-associated increases 
in metabolic heat. However, prior investigation of N95 FFR 
and N95 FFR/EV, at a breathing volume of 40 L/min! over 
4 hr and utilizing an Automated Breathing and Metabolic 
Simulator that mimics human respiration, has shown that an 
EV results in an average exhalation resistance decrement of 
only 0.57 mm HO pressure compared with no EV.? 

An EV is activated at a certain breathing pressure thresh- 
old, and although the work rate in the present study was a 
low-moderate one and modern N95 FFR have low breathing 
resistances, the generated deadspace exhalation pressures must 
have been sufficient to develop the streamline airflows that (at 
least partially) opened the EV.?® Our data indicate that N95 
FFR/EV did not convey any significant benefit in terms of 
deadspace RH at the study work rate. This seems somewhat 
counterintuitive given the ameliorative effect on deadspace 
temperature noted in the study. However, moisture in the 
deadspace is impacted not only by the moisture derived from 
the exhaled breath but by the sweat that accumulates under the 
FFR due to impairment of evaporation from the facial skin that 
is covered by the FFR. In addition, we noted during the trials 
that exhaled moisture accumulates on the less porous inner 
surface of the EV, thereby increasing the moisture content in 
the deadspace region. 

Although time had a significant effect on FFR deadspace 
mean temperature and RH levels in the first hour, this was not 
manifest in the second hour (Table II). It appears that a plateau 
effect, wherein continued exertion resulted in no significant 
increment in FFR deadspace temperature or RH, was achieved 
for the study work rate during the first hour that continued 
into the second hour (Figure 2). It appears that steady-state 
occurs at 10 min and 30 min, respectively, for temperature 
and humidity (Figure 2). This has potential ramifications for 
users who might wear FFR for short periods (e.g., health 
care workers). This steady-state would have been achieved 
through a balance between metabolic heat production and heat 
retention effects of the FFR and heat loss mechanisms (e.g., 
convective and evaporative). Given that it is plausible that most 
workers would not wear FFR continuously for > 2 hr (due to 
the usual need for fluids, nourishment, bathroom breaks, and 
so on), our 2-hr data are reassuring in that they do not show a 
worsening of the conditions within the FFR deadspace during 
an extended period of wear. 

There was no significant difference in the post-test weights 
of the N95 FFR compared with N95 FFR/EV following either 1 
or 2 hr of continuous use. Weight increase in FFR after their use 
was likely related to water vapor retention, given that the study 
site was a physiology laboratory where airborne particulate 
levels are low in comparison with an industrial work site. 
The minimal increase in post-test FFR weight observed in the 
current study is similar to our previous experience, °**» and is 
likely due to the highly hydrophobic nature of polypropylene 
(the most commonly utilized filter material in modern FFR) 
and the thinness of modern FFR due to the use of electrically 
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charged (electret) filters that enhance particle collection via 
electro-attractive forces. The (nonsignificant) greater post-test 
weight of the N95 FFR/EV compared with the N95 FFR at 
both 1 hr and 2 hr may be related to (observed) accumulation 
of moisture on the inner surface of the nonporous EV. 


STUDY LIMITATIONS 


imitations of the current study include the small number of 

FFR models (n = 4) and subjects (n = 17) tested, as well as 
the fact that we did not test other styles of FFR (e.g., duckbill, 
pleated). However, we selected FFR from manufacturers with 
large market shares. Only half the subjects (n = 10) were 
experienced users; however, the other half are representative of 
individuals who might wear FFR in rare circumstances (e.g., 
general population use during a pandemic influenza, while 
visiting an ill person in a hospital isolation room). We selected 
a 2-hr work period for comparison rather than a more extended 
period of time. However, as previously mentioned, given that 
most workers would not wear FFR continuously for > 2 hr (due 
to the usual need for fluids, nourishment, bathroom breaks, 
etc.), we elected to test to a maximum continuous period of 2 hr, 
as has been done in previous N95 FFR research.?° Finally, we 
did not test the FFR under non-temperate ambient environment 
conditions and thus cannot comment on the impact of such 
conditions on FFR deadspace heat and RH levels. 

The effect of deadspace heat and RH on RPE comfort 
and tolerance is a complex issue. It has been proposed that 
RPE comfort is affected primarily by deadspace temperature 
and RH conditions.” Elevated deadspace temperature and 
humidity may negatively impact RPE tolerance in a number 
of ways. Skin temperature is dependent on the temperature of 
the ambient air,!® which, in the case of RPE, is the deadspace 
effective heat index that is a composite of deadspace heat 
and RH.520 The perioral facial skin covered by RPE is 
especially thermosensitive,~) possibly due to a higher facial 
thermoreceptor density, as has been shown in animals.” It 
has been postulated that afferent neural signals from this area 
might be weighted more than those from other areas in a spatial 
summation of the total sensory input.“* Delivery of warm air 
into a FFR corresponds to application of a thermal stimulus to 
the perioral skin surfaces and influences whole body thermal 
sensations.“!* 

Also, it has been hypothesized that a countercurrent ex- 
change of heat occurs in the cavernous sinus between cooled 
venous drainage from the face and warmed arterial blood that 
supplies brain tissue, including the thermoregulatory center.” 
If the facial skin cannot properly dissipate heat (as occurs in 
the facial area covered by RPE), the warmed facial venous 
blood returning to the cavernous sinus may warm the carotid 
arterial blood and alter the brain temperature. An animal study 
demonstrated that goats breathing ambient air at 33°C (similar 
to deadspace air temperatures in the current study) experi- 
enced a 0.4°C rise in hypothalamic temperature when the 
ambient RH was increased from 37% to 96%.°*®) A human 
study utilizing implanted brain thermal sensors has shown 
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that nasally breathed air (22°C) lowered brain temperature, °” 
although the contribution of the air temperature itself has not 
been fully elucidated. Thus, the heat and RH of the breathing 
microenvironment (i.e., deadspace) of FFR subjects the wearer 
to respiration of air with an elevated heat index that warms the 
FFR-covered facial skin and the inhaled gases, both of which 
can result in physiological effects that may impact tolerance 
to wearing FFR. The current study has elucidated the levels 
of temperature and RH attained in the deadspace of N95 FFR 
and N95 FFR/EV over the course of 1 and 2 hr. Such data 
may be useful in assisting in developing strategies and FFR 
modifications that will help enhance user comfort and, by 
extension, safety. 


CONCLUSION 


95 FFR and N95 FFR/EV use results in FFR deadspace 

air temperature and RH levels that are markedly elevated 
above ambient levels and are associated with a significant 
deadspace heat index. At a low-moderate work rate, N95 
FFR/EV use resulted in significantly lower deadspace air tem- 
perature over 1 hr of continuous wear but offered no advantage 
in deadspace humidity dissipation. Moisture retention in N95 
FFR and N95 FFR/EV is minimal after 1 and 2 hr of continuous 
use at a low-moderate work rate. 
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